Abstract-A first evaluation of ALOS PALSAR data for forest stem volume estimation has been performed at a coniferous dominated test site in Sweden. In total, 7 Fine Beam Single polarization (FBS, look angle 34.3°, HH-polarization) and 7 Polarimetric (PLR, look angle 21.5°, HH-, HV-, VH-, and VVpolarization) SAR images were used. In total, 56 forest stands with stem volume in the range of 45-650 m 3 ha -1 (average 325 m 3 ha -1 ) were analyzed by relating backscatter intensity to field data. The estimation accuracy of stem volume at stand level was calculated in terms of root mean square error (RMSE). For the best case investigated an RMSE of 30% was obtained using one of the FBS images acquired in the winter season. The corresponding RMSEs for the PLR images with HH-, HV-, VH-, and VV-polarization were 65%, 65%, 62%, and 81%, respectively. The better results for FBS compared to PLR mode could be explained by particularly favorable weather conditions at image acquisition, or by the higher ground resolution in the FBS images, which makes small stands less sensitive to errors in geocoding.
I. INTRODUCTION
There is a continuous need for description of the forest condition in support of forest management planning. For this purpose forest data are typically acquired with subjective surveying methods in the field. The field work is, however, labor intensive and therefore an expensive method. Using remotely sensed data in forestry applications, Synthetic Aperture Radar (SAR) data is of special interest, since images can be acquired independent of weather and light conditions.
In this paper, a first evaluation of stem volume estimation using SAR images from the PALSAR (Phased Array type Lband SAR) sensor onboard the Japanese satellite ALOS (Advanced Land Observing Satellite) has been performed at a Swedish test site. The satellite was successfully launched on 24 January 2006 and the SAR images have been made available through participation in JAXA's ALOS Kyoto & Carbon Initiative and ALOS Calibration and Validation activities.
There have been several airborne and spaceborne missions with L-band (λ = 24 cm) SAR systems (e.g. AIRSAR, E-SAR, Seasat, SIR-A/B/C, JERS-1), which have indicated the potential usefulness for forest applications. When using backscatter intensity, significantly improved performance has been shown for forest biomass retrieval compared to the C-band (λ = 6 cm) SAR systems (e.g. ERS-1/2, Envisat, Radarsat-1) [1] [2] [3] [4] [5] . Several studies have reported that the backscattered radar signal at Lband saturates at about 50-150 tons ha -1 [2, 3, 6, 7] . Moreover, cross-polarized backscatter appears to be most sensitive to forest biomass [1, 2, 3, 6] .
At present, ALOS PALSAR is the only civilian spaceborne SAR operating at L-band. Also, the PALSAR sensor has an enhanced capability compared to its predecessors (Seasat and JERS-1), allowing selection of look angle and simultaneous acquisition of multiple polarizations.
The objective of this study is to investigate the usability of ALOS PALSAR images acquired in fine and polarimetric mode for stem volume estimation at stand level. In particular, algorithms are developed and evaluated using a combination of SAR images and in situ data.
II. MATERIAL AND METHODS

A. Test Site
Forest field data have been collected at the Remningstorp test site (Lat. 58°30' N, Long. 13°40' E), located in the south of Sweden (Fig. 1) . The forest holding covers about 1,200 ha of productive forest land divided into 340 stands. The prevailing tree species are Norway spruce (Picea abies), Scots pine (Pinus sylvestris), and birch (Betula spp.). The dominant soil type is till (i.e. a mixture of glacial debris) with a field layer consisting of different herbs, blueberry (Vaccinium myrtillus), and narrow-leaved grass (e.g. Deschampsia flexuosa). In denser old spruce stands the field layer is absent. The ground elevation is moderately varying between 120 and 145 m above sea level.
B. Field Data
Data for the test site consisted of a digital stand boundary map in vector format and a forest management plan, including subjectively inventoried forest variables. The 340 subjectively inventoried stands were stratified into the stem volume ranges 0-100, 100-200, 200-300, …, 600-700 m 3 ha -1 . Altogether, 56 stands were randomly selected for field inventory, ensuring representation of the entire stem volume range. The field inventory was done according to prescriptions in the forest management planning package (FMPP) developed by the Swedish University of Agricultural Sciences. 
C. PALSAR Data
L-band SAR data from the PALSAR sensor used in this study were acquired during the period 2006-05-20 to 2007-02-15. The operating sensor frequency is 1.270 GHz, which corresponds to a wavelength of 23.6 cm. SAR images from two different modes (i.e. fine and polarimetric) were investigated, including 7 Fine Beam Single polarization (FBS, look angle 34.3°, HH-polarization) and 7 Polarimetric (PLR, look angle 21.5°, HH-, HV-, VH-, and VV-polarization) images (Fig. 2) . These image types were chosen because they are two of the operational modes for PALSAR. The swath width for the FBS and the PLR images were 75 km and 35 km, respectively. Images were available from both ascending and descending orbit passes. All images were geo-coded using the GAMMA software developed by GAMMA Remote Sensing Research and Consulting AG. In the geo-coding procedure a coarse 50×50 m DEM provided by the Swedish National Land Survey was used. After multi-looking, the pixel spacing for the FBS and PLR images was set to 15 m and 25 m, respectively.
D. Statistical Analysis
Modeling SAR backscatter from forest is complex and requires assumptions concerning scattering elements (e.g. type of elements, distribution, and dielectric properties) and that the scattering mechanisms are considered. To assess retrieval of stem volume the average backscattered intensity from each forest stand was measured and transformed to dB. An exponential model including scattering components from the ground and the vegetation was used: 
where σ°f or is the average backscatter intensity from the forest stand in dB, and σ°g r and σ°v eg are the backscatter from the ground and the vegetation, respectively. V is the standwise stem volume (m 3 ha
), β is an empirically defined coefficient (ha m -3 ), and ε is the random deviation assumed to be independent and N(0, σ 2 ε ). The usefulness of this type of semiempirical model has been demonstrated, e.g., in [5, 7, 8] . Using a training dataset of backscatter and stem volume from field measurement, the unknown coefficients σ°g r , σ°v eg , and β in (1) were estimated by means of least squares criterion through non-linear regression analysis. By inverting (1), standwise stem volume was estimated for a test dataset using the corresponding backscatter measurement, σ°f or,meas , according to [7] 
As described above, one dataset for establishing the relation between backscatter and stem volume and one dataset for evaluation of stem volume estimation was used. Therefore, the number of stands available was divided into two datasets by sorting according to ascending stem volume and assigning each dataset every second stand. The accuracy assessment was presented in terms of root mean square error (RMSE).
III. RESULTS
The results from the standwise stem volume estimation are shown in Figs. 3-8 and Table I . In Figs. 3, 5 , and 7, the backscatter is plotted against stem volume from field measurement for the best case of the 7 FBS images and the 7 PLR images with the polarizations HH and HV. The difference between the backscatter from sparse and dense forest stands is about 2-3 dB (i.e. the dynamic range). Furthermore, the coefficients σ°g r , σ°v eg , and β, estimated from the training dataset using (1) are presented in Figs. 3, 5, and 7. As shown in Table  I , the coefficient of determination (R 2 ) was found to be 77% for the best FBS image investigated. The corresponding values for the PLR images were in the range of 38-52%.
The matching Figs. 4, 6 , and 8 show the stem volume from field measurement plotted against stem volume estimated using (2) . Here, the stem volumes were estimated using the test dataset. The stem volume estimation accuracy for the best FBS image (Fig. 4 ) was found to be 30% (corresponding to 97 m 3 ha -1 ) (see Table I ). For the investigated PLR images, the stem volume could not be estimated for all stands in the test dataset. This is because the backscatter measurements are outside the modeled values from (1), i.e. if σ°f or,meas > σ°v eg (the logarithm is only defined for positive values) or σ°f or,meas < σ°g r (leading to negative stem volume estimates). Therefore, the RMSE of stem volume was calculated only from stands that could be estimated using (2) . The backscatter measurements for the stands in the test dataset that were excluded in this procedure were greater than the coefficient σ°v eg (i.e. σ°f or,meas > σ°v eg ). Hence, the majority of the stands, as can be seen in Figs. 6 and 8, were underestimated. The RMSEs for the PLR images were found to be in the range of 62-81%.
IV. DISCUSSION
The results show that ALOS PALSAR data can be used for standwise stem volume estimation. The variation in estimation accuracy of stem volume is, however, large between SAR images acquired with the same mode and look angle at different dates. This could probably be related to differences in season and weather conditions. For the investigated stands the FBS images gave better stem volume estimation accuracies compared with that using PLR images. This could be due to the higher ground resolution in the FBS images, which makes small stands less sensitive to errors in geo-coding. Alternatively, the FBS images may have been acquired in more favorable weather conditions than the PLR images. To get a deeper understanding of the obtained results, meteorological data registered at the test site, therefore, need to be analyzed.
A clear saturation level of the backscattered radar signal in the PLR images for stem volumes exceeding about 200 m 3 ha -1
(120 tons ha -1 ) can be observed (Figs. 5 and 7) . For HH-polarization, the results are in line with previous studies using JERS-1 L-band data, e.g., in [4, 5, 7, 9, 10] . To further investigate the potential use of PALSAR data for stem volume estimation more emphasis should be placed on collecting standwise field data from stands with a stem volume less than 200 m 3 ha -1 (i.e. below saturation) and an area exceeding 2 ha.
In order to improve the estimation accuracy of stem volume the geo-coding of PALSAR images could be improved with access to a high resolution DEM. Here, laser scanner data collected over the test site could be used. Furthermore, a multitemporal combination of individual images might also improve the stem volume estimation accuracy.
